This study aimed to fit the Gompertz and Logistic growth models to evaluate the description of fresh and dry masses of shoot as a function of accumulated thermal sum and accumulated solar radiation, to compare the fittings, and to indicate which one best describes the growth of two sudangrass cultivars at four sowing times. Eight uniformity trials were conducted with the sudangrass crop. Five plants were collected from each trial for weighing of fresh and dry shoot masses. These evaluations were carried out three times a week starting from 15 days after plant emergence. The Gompertz and Logistic models were fitted to the masses as a function of accumulated thermal sum and accumulated solar radiation. The parameters and their confidence intervals were estimated. The points of maximum acceleration, inflection, maximum deceleration and asymptotic deceleration, and fit quality indicators were calculated. The intrinsic nonlinearity and the parameter-effects nonlinearity were quantified. The independent variables accumulated thermal sum and accumulated solar radiation can be used to fit the models. Both models satisfactorily describe the growth of fresh and dry shoot masses of cultivars BRS Estribo and CG Farrapo. The Logistic model is more accurate.
Introduction
In the no-till system, cover crops are used in rotation with cash crops to control losses of soil, water, and nutrients by water erosion (Cardoso, Silva, Carvalho, Freitas, & Avanzi, 2012) , to promote nutrient cycling, and to increase soil organic matter contents (Pacheco et al., 2013) .
Sudangrass [Sorghum sudanense (Piper) Stapf.] is among the many species that have been investigated as alternative cover crop options. Sudangrass belongs to the family Poaceae, develops well in regions with hot and dry climate, and tolerates acid and low fertility soils. It yields high amounts of biomass, reaching 84.3 t . ha -1 of fresh mass and 15.8 t . ha -1 of dry mass (Arenhardt et al., 2016) and providing good soil cover and high weed suppressive effect (Borges, Freitas, Mateus, Sá, & Alves, 2014) . It has good nutritional quality and can be used in animal feed (Mattos, 2003) . Reports on the growth and development of this species are scarce, indicating the need for studies to obtain more information on this process.
The fitting of growth models provides a valuable tool to study plant behavior and the occurrence of phenological stages (Lucena, Leite, Pereira, & Cavalcante, 2016) . It is possible to plan periods and types of management more appropriate for the crop using these models, aiming to reach higher yields (Pereira, Morais, Scalco, & Fernandes, 2014) . In addition, the fit of models in function of meteorological variables makes it possible to understand the growth according to the environmental characteristics (Oliveira, Ribeiro, Silva, Xavier, & Freitas, 2017) .
Different statistical models can be used to study plant growth. The nonlinear models provide the best fits and have an advantage over linear models because they have biologically interpretable parameters (Fernandes, Pereira, Muniz, & Savian, 2014) .
The nonlinear Gompertz and Logistic models are used to describe plant growth, as they have the same sigmoidal shape of the growth curves. These two models were studied to describe the growth of sunflower (Bem et al., 2018) , cocoa (Muniz, Nascimento, & Fernandes, 2017) , and coffee cultivar Rubi MG 1192 and were considered adequate.
The objectives of this work were to fit the Gompertz and Logistic growth models to evaluate the description of fresh and dry shoot masses as a function of accumulated thermal sum and accumulated solar radiation, to compare the fittings, and to indicate which one best describes the growth of two sudangrass cultivars at four sowing times.
Material and Methods
Eight uniformity trials were conducted with sudangrass [Sorghum sudanense (Piper) Stapf.] in the experimental area located between coordinates 29º42′ S, 53º49′ W and 95 m altitude. According to Köppen's classification, the climate of the region is humid subtropical Cfa, with hot summers and no defined dry season (Alvares, Stape, Sentelhas, Gonçalves, & Sparovek, 2013) . The soil is classified as Sandy Dystrophic Red Argisol (Santos et al. 2013 ).
The uniformity trials consisted of two cultivars (BRS Estribo and CG Farrapo) sown at four dates (12/20/2016, 01/20/2017, 02/07/2017, and 02/24/2017) , during the period recommended for the crop in the state of Rio Grande do Sul, between October and February (Silveira, Santanna, Montardo, & Trentin, 2015 ha -1 of urea) was applied as topdress.
Plants were evaluated three times a week, the first evaluation started from 15 days after plant emergence. At each evaluation, five plants were collected from each experiment and fresh shoot mass (FSM, g plant -1 ) was weighed with a digital scale. For dry shoot mass (DSM, ), the fresh material was packed in paper bags and dried in an oven at 60 °C to constant mass. In total, 17, 18, 26 and 21 evaluations were performed in BRS Estribo and 19, 20, 22 and 20 evaluations in CG Farrapo for the FSM trait at times 1, 2, 3 and 4, respectively. For the DSM trait were performed 20, 24, 27 and 21 evaluations in BRS Estribo and 22, 24, 26 and 23 evaluations in CG Farrapo at times 1, 2, 3 and 4, respectively.
Maximum and minimum air temperatures, as degree Celsius, and the incident global solar radiation, as MJ . m -2 , from the first sowing date (December 20, 2016) to the last evaluation of the fourth sowing date (May 29, 2017) were obtained from the records of the INMET Automatic Meteorological Station, which is located at 30 m from the experimental area.
With the temperature data, the daily thermal sum was calculated by the method proposed by Arnold (1960) , according to Equation 1:
where, STd is the daily thermal sum, Tmax is the maximum temperature of the day, Tmin is the minimum temperature of the day, and Tb is the minimum base temperature of grain sorghum BRS 511, which is 10.8 °C (Bandeira et al., 2016) . Because no base temperature studies were found for sudangrass, we used the base temperature of the grain sorghum, as they belong to the same genus. Then, the accumulated thermal sum (ATS) was calculated by summing the STd values from the period between the emergence of the plants and the last evaluation of each cultivar in each date. We use the same procedure to calculate the accumulated solar radiation (ASR), i.e., summing the daily values of the incident global solar radiation of the same period.
The Gompertz and Logistic models were adjusted to fit fresh and dry shoot masses obtained from the five plants collected for each evaluation, according to ATS and ASR. For the Gompertz model, we used Equation 2 and for the Logistic model, we used Equation 3:
where, y i represents the i-th observation of the dependent variable and i = 1, 2, ..., n; a is the asymptotic value or final growth value; b is the curve allocation parameter, which has no biological interpretation, but is fundamental to the sigmoidal shape of the curve; c is the maximum relative growth rate or precocity index; x is the independent variable; and ɛ is the random error associated with the i-th observation which is assumed to have a normal distribution, independent form and constant variances. The parameters were estimated using the ordinary least squares method, using the Gauss-Newton iterative process.
The assumptions of normality, homoscedasticity, and independence of errors were tested by the Shapiro-Wilk, Bartlett, and Durbin-Watson tests, respectively.
In each model, the points of maximum acceleration (PMA), inflection (PI), maximum deceleration (PMD), and asymptotic deceleration (PAD) were calculated using the equations described by Mischan and Pinho (2014) . These critical points can be used to infer about the growth of the crop.
The lower and upper limits of the 95% confidence interval were calculated. Plant growth models were compared between cultivars at each sowing date and between sowing dates in each cultivar by the overlapping of confidence intervals of the parameters. For example, to compare dates, if at least one of the estimates of a trait for a given date is contained in the confidence interval of the parameter of the same trait of another date, the dates are not different. If none of the estimates is contained within the interval of the other, then they are different.
To evaluate the quality of fit of the models, the following indicators were calculated: adjusted coefficient of determination (R 2 aj); the Akaike information criterion (AIC); and residual standard deviation (RSD). The intrinsic nonlinearity (IN) and the parameter-effects nonlinearity (PE) were quantified. The best models are those with the highest R 2 aj and the lowest AIC, RSD, IN and PE. Calculations were performed using the software R (R Development Core Team, 2018) and the Microsoft Office Excel® application.
Results and Discussion
In choosing a growth model, one of the factors that must be taken into consideration is how the data disperses. Plant growth studies usually present data in the sigmoid shape, which are characteristic of nonlinear models, such as Gompertz and Logistic. In Figure 1 , for example, were plotted the data from the trials with the sudangrass cultivars. It is possible to observe that the fresh shoot mass (FSM) and the dry shoot mass (DSM) as a function of accumulated solar radiation (ASR), showed dispersion in the sigmoidal shape, justifying the fit of the Gompertz and Logistic models. Bem et al. (2018) to compare sowing dates of crotalária juncea.
The Gompertz and Logistic models of FSM as a function of ATS showed that the cultivars BRS Estribo and CG Farrapo were not different at date 2, that is, they had similar values for the parameters a, b, and c (Table 1) . In this condition, it is assumed that the cultivars had the same growth behavior. At dates 1 and 3, the cultivars showed similar asymptotic values (parameter a), that is, they did not differ for the trait at the end of the crop cycle. For DSM, the models showed that the cultivars had the same growth behavior at dates 1, 2 and 3. At date 4, the cultivars differed in the asymptotic value, and BRS Estribo had asymptote higher than CG Farrapo, both for FSM and DSM. However, the cultivars did not differ in the precocity index. .
(2) First column of parentheses represents the comparison of the parameters of the Gompertz model among the cultivars and the second column of parentheses represents the comparison of the parameters of the Logistic model among the cultivars. (*) significant at 5% probability of error. (ns) not significant.
Comparing the models of FSM as a function of ASR between the cultivars, we found that BRS Estribo and CG Farrapo did not differ in growth behavior at date 2 (Table 2 ). In addition, no difference was found for parameters a and b at the dates 1 and 3, indicating that the final value of growth of the cultivars was similar in these two dates. There was no difference between the cultivars for DSM at dates 1, 2, and 3 of the Gompertz model and dates 1 and 2 of the Logistic model. In the Logistic model, at date 3, the cultivars differed only in parameter b, thus having the same asymptotic value and the same precocity index. At date 4, there were differences between jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 14; 2019 the cultivars, except for parameter c in the Gompertz model of DSM. At that date, the cultivars showed different final values of growth for FSM and DSM, and BRS Estribo was superior to CG Farrapo. .
The comparisons showed that the cultivars BRS Estribo and CG Farrapo had distinct growth behaviors within the sowing dates. These differences were more evident for fresh shoot mass. Differences in growth between cultivars were observed in studies of dry mass accumulation during sugarcane formation (Batista et al., 2013) .
Besides the comparisons between the cultivars, comparisons were made between the sowing dates within each cultivar. We found that in the models fitted as a function of ATS, the FSM of cv. BRS Estribo showed no difference between dates 1 and 4 and 2 and 3 in the Gompertz model, as well as between dates 1 and 4 of the Logistic model. For the parameter a in the Gompertz model, there were differences only between the asymptotic values of the trait between dates 3 and 4. In the Logistic model, dates 1 and 3 and 2 and 4 showed no difference in the parameter a. For DSM, there were no differences between dates 1 and 3 and 1 and 4 in the Gompertz model, while in the Logistic model, there were no differences between dates 1 and 3. The parameter a showed similar values in the dates 3 and 4, in the Gompertz model, and 1 and 4, in the Logistic model. Cultivar CG Farrapo showed similar behavior between dates 2 and 4 and 3 and 4 in the Gompertz model and between 3 and 4 in the Logistic model for FSM. Similar asymptotic values were found between dates 1 and 3 and 1 and 4 of both models. DSM showed no differences between dates 1 and 3 in both models.
Regarding the models fitted as a function of ASR, there was no similar behavior of cv. BRS Estribo for the trait FSM, between the dates in the Gompertz model, whereas in the Logistic model, similar behavior was observed between dates 1 and 2. For the Gompertz model, all dates showed similar values of a, that is, non-different final value of growth. For the trait DSM, the dates 1 and 3 were not different in the Gompertz model, whereas in the Logistic model, these same dates showed similar values of a and c, but different for parameter b.
In the models of cv. CG Farrapo, similar behavior for FSM was found in dates 1 and 4 of the Gompertz model, as well as in dates 1 and 3 of both models for DSM. Similar behavior for the asymptotic value was found in dates 1 and 3 and 2 and 3, in the Gompertz model, and 1 and 3, in the Logistic model, for FSM. Therefore, as for the cultivars, there were differences in behavior between the sowing dates of each cultivar. In crotalária juncea, Bem et al. (2018) observed differences between sowing dates for fresh and dry masses of the plants. These results are due to differences in the meteorological conditions and/or biotic factors that affect the crop and result in different responses of the plant in its growth.
In order to indicate the model that best describes the growth of the sudangrass cultivars in the four sowing dates, we calculated the adjusted coefficient of determination (R 2 aj), the Akaike information criterion (AIC), the residual standard deviation (RSD) and quantified the parameter-effects nonlinearity (PE) and the intrinsic nonlinearity (IN). For the traits FSM and DSM, both models were appropriate, with R 2 aj values equal to or greater than 0.8721 when fitted for ATS (Table 3) , and equal to or greater than 0.8646 when as a function of ASR (Table 4) . From these values, we can infer that both the independent variables ATS and ASR were adequate to model the growth of the sudangrass cultivars. Note.
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(1) R 2 aj: adjusted coefficient of determination; AIC: Akaike information criterion; RSD: residual standard deviation; IN: intrinsic nonlinearity; PE: parameter-effects nonlinearity; PI: point of inflection; PMA: point of maximum acceleration; PMD: point of maximum deceleration; PAD: point of asymptotic deceleration.
Comparing the models, based on the fit quality indicators, we found that overall, the Logistic model presented the highest R 2 aj and the lowest AIC and RSD values, indicating its suitability to describe the sudangrass growth. It also had the lowest of PE and IN values, showing that it is closer to linear, confirming its better quality. Prado et al. (2013) and Muniz et al. (2017) had similar conclusions, reporting a better performance of the Logistic model to describe the growth of dwarf coconut and cacao, respectively.
We can use the critical points of the growth curves to infer on crop growth. The main point to consider is the inflection point, which represents the time when the plant reaches the middle of the cycle, the highest growth rate, and from which the growth rate begins to slow. Comparing the models fitted as a function of ATS (Table 3) and ASR (Table 4) , we see that in the Logistic model the plants reached PI with higher fresh and dry shoot masses, but they needed greater accumulation of thermal sum and/or solar radiation than in the Gompertz model. ) for sudangrass cultivars BRS Estribo and CG Farrapo in four sowing times Vol. 11, No. 14; 2019 growth rate acceleration and deceleration taking place earlier than in cv. CG Farrapo. Hence, we recommend that the cultural practices, such as topdressing, weed and pest control, should be carried out earlier in cv. CG Farrapo than in cv. BRS Estribo.
Analyzing the sowing dates, we observe that the second date (20/01) presented the highest FSM and DSM values at all the critical points, which can indicate the best sowing date for the crop, aiming at greater yield of fresh and dry shoot masses.
Overall, differences were found between the cultivars within the sowing dates and between the sowing dates within each cultivar. In this way, the researcher carrying out studies with Sudan grass should choose the model that best describes the growth of a particular cultivar at a given time of interest.
Because the information of the present study was generated from the data obtained for cultivars BRS Estribo and CG Farrapo grown in the environmental conditions in which they were studied, the use of these models could produce results with some discrepancies, however this is expected. Nevertheless, due to the representativeness of the database used to fit the models in this study (three weekly evaluations of five plants during the crop cycle, in two cultivars sown in four dates) and the fact that no studies were found with growth models for Sudangrass, these models can be used as reference for further investigations in the crop.
Conclusions
The independent variables accumulated thermal sum and accumulated solar radiation can be used satisfactorily to fit the Gompertz and Logistic models to fit cultivars of sudangrass.
There is difference between the growth models of the cultivars within sowing dates and between the sowing dates within a cultivar for the traits fresh shoot mass and dry shoot mass.
The Gompertz and Logistic models satisfactorily describe the growth of fresh shoot mass and dry shoot mass of the sudangrass cultivars BRS Estribo and CG Farrapo sown at four dates. The Logistic model is more indicated as it presents better fit quality indicators.
